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INTRODUCTION 

The minera l  con ten t  of any given rank of coa l  is a key f a c t o r  i n  s i z ing  and 
designing a steam genera tor  or r eac to r .  
po r t an t  a s  t h e  premium s o l i d  f u e l s  a r e  consumed, leav ing  r e se rves  wi th  cont inua l  
increas ing  mineral  concen t r a t ions  and lower qua l i t y  a sh .  The problem of dea l ing  
wi th  lower q u a l i t y  a sh  i n  coa l  i s  compounded by the  inc rease  i n  s i z e  of steam 
genera tors  and re f inements  imposed by economic cons t r a in t s .  
based on coa l  ash chemistry and ASTM ash  fus ion  temperatures o r  v i s c o s i t y ,  a r e  
present ly  used t o  rank coa l s  according to t h e  f i r e s i d e  behavior of t h e  mineral  
matter. Unfor tuna te ly ,  t he  ind ices  a r e  only marginally sa t i s f ac to ry .  a s  they do 
not r e l a t e  t o  ope ra t ing  o r  des ign  parameters and f requent ly  are based on a coa l  
ash chemistry q u i t e  d i f f e r e n t  from t h a t  depos i ted  on t h e  furnace  wa l l .  
d i f f e r e n t  c o a l s  with i d e n t i c a l  ash chemistry produce dec idedly  d i f f e r e n t  slagging 
condi t ions  i n  steam gene ra to r s  of i d e n t i c a l  design opera ted  i n  the  same mode. 
Var ia t ions  i n  composition of t h e  s l a g ,  when compared wi th  t h e  coal a sh ,  suggest 
s p e c i f i c  minera ls  a r e  be ing  s e l e c t i v e l y  depos i ted  on furnace  w a l l s  depending upon 
t h e i r  s p e c i f i c  g r a v i t y ,  s i z e ,  composition, and physicochemical p rope r t i e s .  It i s  
q u i t e  apparent t he re  i s  a need f o r  a b e t t e r  understanding of t he  i m p a c t  of mineral  
composition, i t s  s i z e ,  and i t s  a s soc ia t ion  wi th  o the r  minera ls  and carbonaceous 
matter on f i r e s i d e  depos i t s .  

The mineral  content becomes even more i m -  

Empirical  i nd ices ,  

Frequently,  

MINERAL MATTER I N  COAL 

Minerals occur r ing  i n  c o a l  may be c l a s s i f i e d  i n t o  f i v e  main groups. These in- 
clude sha le ,  c l a y ,  s u l f u r ,  and carbonates.  The f i f t h  group inc ludes  accessory  min- 
e r a l s  such as quar tz  and minor cons t i t uen t s  l i k e  the  f e l d s p a r s  (1)- 

Shale, u sua l ly  t h e  r e s u l t  of t h e  consol ida t ion  of mud, s i l t ,  and c l ay ,  c o n s i s t s  
of many minera ls  i nc lud ing  i l l i t e  and muscovite--these a r e  forms of mica. Kao l in i t e  
i s  t h e  mst  common c l a y  m a t e r i a l  (1). 

The s u l f u r  minera ls  inc lude  p y r i t e s  wi th  some marcas i te .  
same chemical composition a s  p y r i t e s  but a d i f f e r e n t  minera logica l  s t r u c t u r e .  
f u r  i s  a l s o  p re sen t  a s  organic  mat te r  and occas iona l ly  a s  s u l f a t e .  
a l l y  occurs i n  weathered coa l  such a s  i n  outcrops .  
coa l  i s  gene ra l ly  less than 0.01 pe rcen t .  

Generill:,, 60 pe rcen t  of t h e  s u l f u r  i n  coa l  i s  p y r i t i c ,  p a r t i c u l a r l y  when t h e  
A t  higher concent ra t ions  i t  may run as high  a s  70 t o  

Marcasite has t h e  
Sul- 

The l a t t e r  usu- 
The amount of s u l f a t e  s u l f u r  i n  

Su l fu r  concent ra t ion  i s  low.  
90 percent .  
and s i z e s .  The p r i n c i p a l  forms a r e  (1-6): 

P y r i t e  occur s  i n  coa l  i n  d i s c r e t e  p a r t i c l e s  i n  a wide v a r i e t y  of shapes 

Rounded masses c a l l e d  s u l f u r  b a l l s  o r  nodules an  inch o r  more i n  s i ze .  

Lens-shaped masses which a r e  thought t o  be f l a t t e n e d  s u l f u r  b a l l s .  

Ver t i ca l ,  i n c l i n e d  v e i n s  or f i s s u r e s  f i l l e d  wi th  p y r i t e  ranging  i n  
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th ickness  from t h i n  f l a k e s  up t o  seve ra l  inches  th ick .  

Small, d i scont inuous  v e i n l e t s  of p y r i t e ,  a number of which sometimes 
r a d i a t e  from a common cen te r .  

S m a l l  p a r t i c l e s ,  <72p, o r  v e i n l e t s  disseminated i n  t h e  coa l .  Micro- 
scopic  p y r i t e  occurs  in f i v e  bas i c  morphology types:  ( a )  framboids,  
(b) i so l a t ed  euhedral c r y s t a l s ,  ( c )  nonspher ica l  aggrega tes  of eu- 
hedra l  c y r s t a l s ,  (d) i r r e g u l a r  shapes,  and ( e )  f r ac tu red  f i l l i n g s  (7). 

A l l  coa l s  conta in  some of  t h e  t h i r d  and f i f t h  forms of p y r i t e ,  and some coa l s  
conta in  a l l  f i v e  of t he  p r i n c i p a l  forms ( 6 , 8 , 9 ) .  

The carbonates are mainly c a l c i t e ,  dolomite,  or s i d e r i t e .  The occurrence of 
c a l c i t e  is f r equen t ly  bimodal. Some c a l c i t e  occurs a s  inherent  a sh ,  whi le  o the r  
c a l c i t e  appears a s  t h i n  l a y e r s  in c l e a t s  and f i s s u r e s .  I ron  can be p re sen t  in 
small q u a n t i t i e s  a s  hemat i te ,  ankor i t e ,  and in some of t h e  c lay  minera ls  such a s  
i l l i t e .  In add i t ion  t o  the  more common minera ls ,  s i l i c a  is present  sometimes a s  
sand p a r t i c l e s  o r  quar tz .  
s u l f a t e s  bu t  probably mst o f t en  a s  f e ldspa r s ,  t y p i c a l l y  o r thoc la se  and a l b i t e .  In 
t he  case  of l i g n i t e s ,  un l ike  bituminous and subbituminous, sodium is n o t  p re sen t  a s  
a mineral  bu t  is probably d i s t r i b u t e d  throughout t h e  l i g n i t e  a s  t h e  sodium s a l t  of 
a hydroxyl group or a carboxyl ic  a c i d  group in humic ac id .  
is bound organica l ly  t o  humic ac id .  Therefore,  i t  too  is uniformly d i s t r i b u t e d  in 
t h e  sample. 

The a l k a l i e s  a r e  sometimes found a s  c h l o r i d e s  or a s  

Calcium, l i k e  sodium, 

The t e r m ,  "mineral mat te r , "  usua l ly  a p p l i e s  t o  a l l  inorganic ,  noncarbonaceous 
material in t h e  coal and inc ludes  those  inorganic  elements which may occur in or- 
ganic combination. Phys ica l ly ,  t h e  inorganic  mat te r  can be d iv ided  i n t o  two 
groups--inherent mineral  matter and extraneous mineral  matter. Inherent  mineral  
matter o r i g i n a t e s  a s  p a r t  of the  growing p l a n t  l i f e  from which c o a l  was formed. 
Under t h e  circumstances,  it has  a uniform d i s t r i b u t i o n  wi th in  t h e  coa l .  
mineral  mat te r  seldom exceeds 2 - 3 percent  of t he  coa l  (10). 

Inherent  

Extraneous mineral  ma t t e r  genera l ly  c o n s i s t s  of l a r g e  b i t s  and p i eces  of inor- 
ganic ma te r i a l  t yp ica l  of t h e  surrounding geology. 
mat te r  is so f i n e l y  divided and uniformly d ispersed  wi th in  the  c o a l  i t  behaves as 
inherent  mineral  mat te r .  Coal p repa ra t ion  can sepa ra t e  some of  t h e  ex t raneous  a s h  
from the  coa l  substance,  bu t  i t  seldom removes any of  t h e  inherent  minera l  matter. 

In some cases  t h e  ex t raneous  

The phys ica l  d i f f e r e n c e s  between inherent  and ex t raneous  ash  are important no t  
only t o  those  i n t e r e s t e d  in c lean ing  coal b u t  a l s o  t o  those  concerned wi th  t h e  f i r e -  
s i d e  behavior of coa l  ash .  Inherent  material is so in t ima te ly  mixed wi th  coa l  t h a t  
i t s  thermal h i s t o r y  is l i nked  t o  t h e  combustion of t h e  coa l  p a r t i c l e  in which it is 
contained. Therefore,  it w i l l  most l i k e l y  reach  a temperature in excess  of t he  gas  
in t h e  immediate surroundings.  
spec ie s  permi ts  chemical r e a c t i o n  and phys ica l  changes t o  occur so r a p i d l y  t h a t  t h e  
subsequent a sh  p a r t i c l e s  formed w i l l  behave as a s i n g l e  ma te r i a l  whose composition 
is def ined  by t h e  mixture of minera ls  contained wi th in  t h e  coa l  p a r t i c l e .  The at- 
mosphere under which the  ind iv idua l  t ransformat ions  take  p l ace  w i l l ,  no doubt,  ap- 
proach a reducing environment. 
mineral  matter a s  f ed  t o  t h e  combustor and the  f a t e  of t h e  minera ls  a f t e r  combus- 
t i o n  (11). 

The c lose  proximity of each spec ie s  wi th  every o t h e r  

F igure  1 i l l u s t r a t e s  a model of t he  coa l  and 

Extraneous materials can behave a s  d i s c r e t e  minera l  p a r t i c l e s  comprised of a 
s i n g l e  spec ie s  or a m u l t i p l i c i t y  of spec ies .  A s  a l ready  ind ica t ed ,  a po r t ion  of 
t h i s  material may be so f i n e l y  d iv ided  i t  can behave a s  inherent  mineral  matter. 
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During combustion the  l a r g e r  p a r t i c l e s  respond ind iv idua l ly  t o  the  r i s i n g  tempera- 
t u r e  of the  environment. In  t h e  absence of  carbon or o the r  exothermic r e a c t a n t s ,  
t h e  p a r t i c l e  should always be somewhat less than t h e  l o c a l  gas temperature.  How- 
eve r ,  t he  p a r t i c l e s  may be subjec ted  t o  e i t h e r  reducing o r  ox id i z ing  condi t ions .  
As each p a r t i c l e  r i s e s  in temperature,  i t  l o s e s  water of hydra t ion ,  evolves gas ,  
becomes oxidized o r  reduced ,  and eventua l ly  s i n t e r s  o r  melts, depending on its 
p a r t i c u l a r  composition o r  temperature l e v e l .  

It is evident ,  t h e n ,  t h a t  t he re  can be a g r e a t  d i f f e rence  in t he  f i n a l  s t a t e  
of each p a r t i c l e ,  depending upon i t s  composition and whether i t  is inherent  o r  ex- 
traneous ash .  Figure 2 summarizes the  phase t ransformat ions  which pure mineral  
m t t e r  commonly found in coa l  undergoes dur ing  hea t ing  (12,13,14).  Since t h i s  da ta  
was developed p r imar i ly  by minera logis t s  performing d i f f e r e n t i a l  thermal ana lys i s  
under a i r  a t  slow h e a t i n g  r a t e s ,  i t  must be  used only  as a gu ide l ine  f o r  p red ic t ing  
t h e  thermal behavior o f  minera ls  in coal .  Thermal shocking these  minera ls  in the  
presence of carbon and o the r  minera l  forms a t  very high temperatures,  no doubt,  w i l l  
a l t e r  some of these  t r ans fo rma t ions  and may defer  o t h e r s  u n t i l  postcombustion depo- 
s i t i o n  on hea t  t r a n s f e r  sur faces .  

Clays and Shale 

The melting tempera tures  of most pure minera ls  a r e  in t h e  v i c i n i t y  of or  
grea t ly  exceed t h e  maximum flame temperature encountered dur ing  combustion. There- 
fo re ,  the  fused sphe ro ida l  f l y  a sh ,  generated from the  minera l  matter in coa l ,  p r i -  
m a r i l y  forms as t h e  r e s u l t  of t h e  f lux ing  a c t i o n  between pure  minera ls  contained 
wi th in  each p a r t i c l e .  Both minerals 
contain small concen t r a t ions  of i r o n  and potassium and'form a g l a s sy  phase a t  95OoC 
and llOO°C, r e spec t ive ly .  Depending upon i t s  f l u i d i t y ,  t h i s  g l a s sy  phase could be 
respons ib le  f o r  s u r f a c e  deformation a t  a r e l a t i v e l y  low temperature and provide t h e  
necessary s t i c k i n g  p o t e n t i a l  t o  prevent reent ra inment  upon contac t ing  hea t  t r a n s f e r  
sur faces .  
i n  a thermal analyzer under a i r  t o  600 and 1000°C, r e spec t ive ly ,  and compared to  
t h e  l o w  temperature a s h  of  a g rav i ty  f r a c t i o n  void of i l l i t e .  
t r o n  photomicrographs, appearing i n  Figure 3 ,  i n d i c a t e  t h e  minera ls  conta in ing  
i l l i t e  d id ,  indeed, show s i g n s  of t he  formation of  a melt. 

I l l i t e  and b i o t i t e  appear t o  be an except ion .  

Low tempera ture  ash of a g r a v i t y  f r a c t i o n  conta in ing  i l l i t e  was heated 

The scanning e l ec -  

The inherent  s i l i ca  r e t a i n e d  i n  the  char a s  qua r t z  o r  s i l i c a  re leased  from 
k a o l i n i t e  and i l l i t e  at low temperatures ( i . e . .  95OOC) is p a r t i a l l y  reduced t o  
silica monoxide. Unl ike  s i l i c a  which b o i l s  a t  2230°C, s i l i c a  monoxide melts a t '  
1420°C and b o i l s  a t  2600°C (15).  The vapor p re s su re  of s i l i c o n  i s  low--in t h e  
range  of temperatures experienced during combustion. 
from 0.01m Hg a t  1157OC t o  lm Hg p res su re  a t  1852OC (15,16).  
mineral  mat te r  and carbonaceous ma te r i a l  appears t o  a l t e r  vapor p re s su re  substan- 
t i a l l y .  
za t ion  of  s i l i c o n  monoxide began a t  about 1150'C and reached a maximum a t  1400'C. 
Mackowsky r e p o r t s  t h a t  v o l a t i l i z a t i o n  of s i l i c o n  monoxide starts a t  about 1649OC in 
t h e  presence of  ca rbona te s  and c l ays  and reaches  a maximum a t  1704°C (17).  
presence of p y r i t e  or  m e t a l l i c  i r o n ,  v o l a t i l i z a t i o n  begins  a t  about 1560'C and con- 
t i nues  at a r ap id  r a t e  a s  t h e  temperature rises u n t i l  p r a c t i c a l l y  a l l  the  s i l i c a  in 
t h e  mineral is v o l a t i l i z e d .  Sarof in  has shown t h a t  about 1.5 t o  2.0 percent  of t he  
ASTM ash i n  bituminous c o a l s  v o l a t i l i z e  (18) .  Approximately 35 - 40 percent  of the  
v o l a t i l i z e d  material was s i l i c a .  
quar tz  appears t o  be r e l a t i v e l y  innocuous un le s s  contaminated by Fen03, CaO, o r  
K20. 

Honig r e p o r t s  va lues  ranging 
The presence of o ther  

When a mixture  of alumina s i l i c a t e  and g raph i t e  w a s  hea ted ,  t h e  v o l a t i l i -  

I 

Y 

I n  the  

1 

i The next l a r g e s t  component was i ron .  Extraneous 

\ 
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Pyr i t e s  

The decomposition of p y r i t e  has  been examined by numerous i n v e s t i g a t o r s  under 
oxid iz ing ,  neu t r a l ,  and reducing environments. TGA, r a t h e r  than DTA, has  been used 
by most inves t iga to r s .  Acquis i t ion  of r ep resen ta t ive  d a t a  is d i f f i c u l t ,  a s  t h e  de- 
composition process  is complex and s e n s i t i v e  t o  many v a r i a b l e s  inc luding  t h e  chemi- 
c a l  composition of p y r i t e s ,  i t s  g r a i n  s i z e ,  i ts  o r i g i n ,  t he  presence  of adven t i t i ous  
impur i t i e s ,  t he  composition of t h e  l o c a l  environment, and d i f f u s i o n  rates through 
su l f a t ed  layers .  Under oxid iz ing  cond i t ions  i t  is be l ieved  t h a t  p y r i t e s  decompose 
d i r e c t l y  t o  an i r o n  oxide and S O z  o r  SO3 or iron s u l f a t e  and SO2, depending upon 
t h e  f i n a l  temperature l e v e l .  Under reducing cond i t ions  p y r r h o t i t e  and e i t h e r  car -  
bon o r  hydrogen s u l f i d e  form. 
carbon d i s u l f i d e .  There i s  a l s o  a p o s s i b i l i t y  t h a t  p y r r h o t i t e  may form under oxi -  
d i z ing  condi t ions  a s  an in te rmedia te  s t e p  i n  t h e  presence  of s u f f i c i e n t  adven t i t i ous  
carbon. Pure p y r i t e s  i g n i t e  a t  about 500'C i n  t h e  thermal ana lyzer  a t  20°C/min and 
burn ou t  by 550°C i n  a s ing le-s tep  p rocess ,  a s  shown in Figure  5. 
i g n i t e  a s  r ead i ly  a s  bituminous c o a l ;  however, t h e  burnout time is comparable. A l -  
though pyr rho t i t e  i g n i t e s  r e a d i l y ,  i t  r e q u i r e s  a s  much time a s  a n t h r a c i t e  t o  com- 
p l e t e  combustion. P y r i t e s  conta in ing  small q u a n t i t i e s  of adven t i t i ous  carbon, a s  
might be found i n  the  -1.80 f 2 . 8 5  g r a v i t y  f r a c t i o n ,  appear t o  form p y r r h o t i t e ,  de- 
f e r r i n g  burnout u n t i l  800°F. 
f a c t  t h a t  p y r i t e  p a r t i c l e s  do no t  sh r ink  during t h e  combustion process  a s  do coa l  
p a r t i c l e s ,  and hence, t h e i r  burnout t i m e  is extended. The burnout t i m e  of p a r t i -  
cles i n  excess  of  4 0 ~  appears t o  exceed the  res idence  t i m e  a v a i l a b l e  in mst com- 
bus tors .  

Complete reduct ion  r e s u l t s  i n  elemental  i r o n  and 

Pure  p y r i t e s  do 

Within t h e  combustor t h e  problem is compounded by the  

TGA r evea l s  decomposition r a t e s  bu t  t e l l s  l i t t l e  about t h e  phys ica l  s t a t e  
during t h e  combustion process .  Phase diagrams f o r  t h e  Fe-S-0 and FeS-FeO system, 
represent ing  t r a n s i t o r y  s t a t e s  a t  t h e  p a r t i c l e  su r face ,  imply t h e  formation of a 
temporary melt a t  low temperatures.  SEM photomicrographs, appearing i n  Figure 5 ,  
of pure p y r i t e s  heated t o  6OO0C, 80OoC, and 1000°C under reducing  cond i t ions  c l e a r l y  
r e v e a l  t h e  formation of a m e l t  a t  t empera tures  a s  low as 600°C. Large p a r t i c l e s  of 
pa r t i a l ly - spen t  p y r i t e s ,  which may be molten on con tac t  wi th  t h e  hea t  t r a n s f e r  sur -  
f ace ,  complete t h e  ox ida t ion  process  in s i t u ,  forming a s o l i d  fused  depos i t  wi th  a 
very h igh  melting temperature.  

An examination of t h e  thermal behavior of t h e  mineral  mat te r  i n  c o a l  i n d i c a t e s  
t h e  minera l  o r i g i n  of t h e  elements found i n  coa l  a sh  and t h e i r  j ux tapos i t i on  wi th  
regard  t o  each o t h e r ,  a s  we l l  a s  o ther  minera l  forms, and determines t h e i r  phys i ca l  
f a t e  during combustion. A s  i nd ica t ed  in Figure  1 ,  t he  phys ica l  s t a t e  ( i . e . ,  vapor 
OK s o l i d )  and the  s i z e  of s o l i d i f i e d  a sh  w i l l  determine t h e  mode and r a t e s  of m i -  
g r a t i o n  t o  t h e  hea t  t r a n s f e r  su r f ace .  The phys ica l  state a t  t h e  tube su r face  w i l l  
depend upon t h e  l o c a l  su r f ace  temperature and t h e  composition of  t he  p a r t i c u l a t e  
depos i t ing .  
a l s o  play a s i g n i f i c a n t  r o l e .  

In t h e  case  of p y r i t e s  r e s idence  time and environment condi t ions  may 

CHARACTERIZATION OF MINERALS I N  COAL 

I 

The f i r e s i d e  behavior of minera l  mat te r  i n  coa l  has  been inves t iga t ed  by char- 
a c t e r i z i n g  the  minera l  conten t  of s e v e r a l  bituminous c o a l s ,  u s ing  s i z e  and g rav i ty  
f r ac t iona t ion  ana lys i s  of pu lver ized  coa l  and then f i r i n g  t h e  coa l  i n  a v e r t i c a l l y  
f i r e d  combustor. High s u l f u r  coa l s  con ta in ing  p y r i t e s  of vary ing  s i z e  and vary ing  
a s soc ia t ion  with carbonaceous and o the r  minera l  forms were s e l e c t e d  f o r  examination. 
A comparison was a l s o  made wi th  wes tern  subbituminous c o a l s  t o  a s s e s s  the  impact of 
potassium i n  the  minera l  i l l i t e  on fu rnace  s lagging .  
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Each coa l  was analyzed f o r  proximate, u l t ima te ,  ash chemistry,  and ash fus ion  
temperatures t o  permit eva lua t ion  us ing  convent iona l  da t a .  The pulver ized  coa l  
samples were then  d iv ided  i n t o  f o u r  s izes  r ep resen t ing  equal  weights ( i . e . ,  +105p, 
- 1 0 5 ~  +74p, -74p +44p, and -44p). Each s i z e  f r a c t i o n  was separa ted  i n t o  four  
weight c l a s s e s ,  thereby ,  p a r t i t i o n i n g  the  coa l  i n t o  groups dominated by coa l ,  non- 
p y r i t i c  minera l  ma t t e r ,  and p y r i t e s .  
chemistry,  a sh  fus ion  tempera ture ,  combustion p r o f i l e ,  and minera l  con ten t .  

The p a r t i t i o n e d  coa l  w a s  analyzed f o r  a s h  

The a n a l y t i c a l  d a t a  i s  summarized i n  F igure  6 .  The enclosed d a t a  p o i n t s  repre- 
s en t  t h e  composite ana lys i s .  The open da ta  p o i n t s  r ep resen t  t he  f r a c t i o n a t e d  spe- 
c i e s .  Ash so f t en ing  tempera tures  and percent  b a s i c  c o n s t i t u e n t s  were se l ec t ed  a s  
t h e  v a r i a b l e s  t o  c h a r a c t e r i z e  t h e  coa l ,  as they appear most f r equen t ly  in t h e  indi-  
ces used to  express  t h e  s lagging  or  fou l ing  p o t e n t i a l  of t h e  f u e l .  It  is q u i t e  
evident t h e  combustor i s  exposed t o  a sh  wi th  a wide range  of chemical compositions 
and melting temperatures not adequately i d e n t i f i e d  by a composite c o a l  ana lys i s .  
The data  i n d i c a t e s  s lagging  was most severe  wi th  c o a l s  having t h e  h ighes t  melting 
temperature and demonstrating t h e  g r e a t e s t  degree of s epa ra t ion  of a s h  from coal  
and p y r i t e s  from o the r  minera l  matter. The two coa l s  wi th  t h e  lowest composite ash 
sof ten ing ,  having the  h ighes t  s l agg ing  index by conventional eva lua t ion ,  caused the 
l e a s t  slagging. L ibe ra t ion  of minera l  matter from t h e s e  two coa l s  w a s  a l s o  the  
lowest.  

The d a t a  w a s  r e p l o t t e d  on f u s i b i l i t y  diagrams, appear ing  i n  Figure 7 ,  typ i -  
fy ing  the  coa l  wi th  t h e  g r e a t e s t  p a r t i t i o n i n g  of mineral  mat te r  and h ighes t  degree 
of  s lagging  and t h e  c o a l  w i th  t h e  l e a s t  l i b e r a t i o n  of minera l  mat te r  and degree of 
slagging. 
each ash spec ie .  It a l s o  shows t h e  degree of  l i b e r a t i o n  of nonpyr i t i c  and p y r i t i c  
mineral  matter. By washing the  worst  coa l  a t  1.80 s p .  gr. and 14M x 0 ,  thereby 
minimizing ex t raneous  a s h  a s  w e l l  a s  t o t a l  s u l f u r ,  t h e  degree of s lagging  of the  
Upper Freeport  coa l  w a s  g r e a t l y  reduced. 

The f u s i b i l i t y  diagram i l l u s t r a t e s  t h e  s i z e  and weighted con t r ibu t ion  of 

COMBUSTION TESTING 

Deposits were removed from va r ious  l o c a t i o n s  in t h e  combustor a f t e r  f i r i n g  
each coal f o r  -14 - 16 hours .  
51OoC, f o u l i n g  probes a t  510 - 537OC, and r e f r a c t o r y  su r faces  a t  537 - 1204OC 
and examined us ing  t h e  scanning e l ec t ron  microscope and energy d i spe r s ive  x-ray. 
F ly  a s h  samples were a l s o  examined f o r  carbon loss, su r face  morphology, and chemi- 
c a l  composition. 

Samples w e r e  removed from s l agg ing  probes a t  398 - 

The depos i t s  forming on t he  s lagging  probes were i n i t i a t e d  by a t h i n  layer  of 
powdery f l y  ash ,  <8p i n  s i z e ,  enr iched  wi th  small  q u a n t i t i e s  of potassium. Beads 
o f  slag formed on top of  t h i s  t h i n  l aye r  when t h e  su r face  temperature approached 
t h e  i n i t i a l  deformation temperature of t h e  depos i t .  
formation of r i v u l e t s  from which a continuous phase of molten s l a g  formed. 
posits forming on t h e  r e f r a c t o r y  su r face  r ep resen t  an  advanced s t a g e  of s l a g  due t o  
t h e  higher su r face  tempera tures  which could only be achieved on t he  cooler  probes 
a f t e r  t h e  i n i t i a l  dus t  l aye r  formed. 
temperatures of t h e  s l a g  resemble t h a t  of t h e  heav ie s t  g r a v i t y  f r a c t i o n  ( i . e . ,  
>1.80 sp. g r . )  in most cases .  
furnace probes  subjec ted  to  a x i a l  symmetric flow a t  low g a s  v e l o c i t i e s  (5 - 6 
f t /s) ,  i l l u s t r a t e d  in Figure  8 ,  show t h a t  t h e  i n i t i a l  l aye r  of d u s t ,  upon which 
f u r t h e r  s l agg ing  depends, formed only when f i r i n g  c o a l s  whose a sh  contained more 
than 1 percent  potassium. 
is dependent upon t h e  t o t a l  p y r i t e s  l i b e r a t e d  from t h e  c o a l .  

Growth progressed  with the  
De- 

The composite a sh  chemistry and a s h  fus ion  

Macrophotographs of t h e  depos i t  formation on the  

Continued depos i t  growth r e s u l t i n g  i n  se r ious  slagging 
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SEM microphotographs and EDAX scans  of t he  c r o s s  sec t ion  and ou te r  su r f ace  of 
t he  s l a g  depos i t ,  i l l u s t r a t e d  i n  F igure  9 ,  i n d i c a t e  the  chemistry of t h e  depos i t  
is no t  uniform. The bulk of t h e  fused  ma te r i a l  is r i c h  i n  s i l i c a ,  low i n  i r o n ,  and 
v i r t u a l l y  depleted of potassium. The outermost l a y e r s ,  no more than 2 t o  311 t h i c k ,  
a r e  very r i c h  i n  i ron  and f r equen t ly  a l s o  r i c h  i n  calcium. On occas ions ,  the o u t e r  
sur face  is covered wi th  small  p a r t i c u l a t e  s eve ra l  microns i n  diameter or undissolved 
cubic o r  oc tahedra l  c r y s t a l s  whose o r i g i n  is p y r i t e s .  S i m i l a r  format ions  have been 
observed i n  f u l l - s c a l e  opera t ion .  The evidence i n d i c a t e s  depos i t s  form under a x i a l  
symmetric flaw condi t ions  in  t h e  furnace  by the  f lux ing  a c t i o n  a t  t h e  h e a t  t r a n s f e r  
su r f ace  of small  p a r t i c l e s ,  4 1 . 1  i n  d iameter ,  of dec idedly  d i f f e r e n t  chemical com- 
pos i t i on  and mineral  source.  Migration of t h e  f l y  ash  t o  t h e  su r face  is by means 
of  eddy d i f fus ion ,  thermophoresis,  o r  Brownian motion. 

S in te red  depos i t s  form a t  t h e  furnace  e x i t  a t  lower gas temperatures and i n  
zones subjec t  t o  r ap id  changes i n  d i r e c t i o n .  The depos i t  is composed of sphero ida l  
p a r t i c l e s  (4011 bound toge ther  by a molten subs tance .  In  those c a s e s  where substan- 
t i a l  q u a n t i t i e s  of coarse  p y r i t e s  a r e  l i b e r a t e d  from t h e  pulver ized  c o a l ,  t h e  sphe- 
r o i d s  a r e  near ly  pure Fe203, a s  shown i n  Figure 10. The matrix conta ined  s i l i c a ,  
alumina, i ron ,  and potassium and has an i n i t i a l  deformation temperature of 1000°C, 
as determined by d i f f e r e n t i a l  thermal ana lys i s .  
depos i t  as a r e s u l t  of i n e r t i a l  impact. The mineral  source of t h e  molten phase is 
mst l i k e l y  i l l i t e .  

The heavier  pure  i r o n  sphero ids  

Deposits a l s o  form on t h e  l ead ing  edge of t h e  f i r s t  row of tubes  i n  t h e  convec- 
t i o n  pass  when f i r i n g  coa l s  which l i b e r a t e  pure ,  coarse  p y r i t e s .  These tubes  a r e  
subjected t o  high gas v e l o c i t i e s  and have moderate t o  h igh  c o l l e c t i o n  e f f i c i e n c i e s  
f o r  p a r t i c l e s  between 40 and 100~. The depos i t s  are nea r ly  pure Fe203. They a r e  
hard and fused desp i t e  be ing  a t  gas  temperatures below t h e i r  i n i t i a l  deformation 
temperature.  No doubt, t h e  f i n a l  s t ages  of decomposition of the  p y r i t e s  t akes  
p lace  a t  t h e  tube  su r face .  

CONCLUSIONS 

The formation of f i r e s i d e  depos i t s  i n  furnaces  depends on t h e  composition, 
s i z e ,  and a s soc ia t ion  of minera l  matter l i b e r a t e d  from t h e  coa l .  S e l e c t i v e  deposi-  
t i o n  of s p e c i f i c  mineral  spec ie s  depends on t h e i r  s i z e ,  thermal behavior ,  t h e  l o c a l  
gas temperatures,  and t h e i r  mode of t r a n s p o r t  t o  t h e  sur face .  Consequently,  t h e  
composition of t h e  s i n t e r e d  depos i t  o r  molten s l ag  may vary  wi th  t ime a t  a given 
loca t ion  and w i l l  most probably vary throughout t he  combustor, depending on l o c a l  
temperatures and fluidynamics.  The composition of t h e  s l a g  may be s u b s t a n t i a l l y  
d i f f e r e n t  from t h e  composite coa l  a sh ,  depending upon i t s  he terogenei ty .  I l l i t e  is 
a l i k e l y  candidate a s  t h e  mineral  most r e spons ib l e  f o r  i n i t i a t i n g  depos i t s .  The 
molten phases a re  f requent ly  p a r t  of t h e  FeO-Si02 o r  Fe0-CaO-SiOZ system and depend 
on t h e  in t e rac t ion  of qua r t z ,  c a l c i t e ,  o r  p y r i t e s  a t  t he  hea t  t r a n s f e r  su r f ace .  
Liberated p y r i t e  c r y s t a l s  and small p a r t i c l e s  a r e  primary candida tes  f o r  s l a g  f o r -  
mation subjected t o  p a r a l l e l  flow regimes a t  low v e l o c i t i e s .  
be s e l e c t i v e l y  deposited and so le ly  r e spons ib l e  f o r  depos i t  formation on su r faces  
subjec ted  t o  f l u e  gas impingement a t  high v e l o c i t i e s .  

Coarse p y r i t e s  can 
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Figure  1 Fa te  o f  Mineral Matter i n  Coal During Combustion, 
as Proposed by D r .  Sa ro f in  
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Figure 2 Phase Transformation of Some Mineral Matter Commonly Found i n  Coal 
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F igure  3 SEM Photomicrographs Showing t h e  Impact of I l l i t e  
on the  Thermal Behavior of Low Temperature Ash 
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Figure 4 TGA Thermograms Comparing t h e  Decomposition of Various Grades of 
P y r i t e s  with Various'Ranks of Coal 
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Figure 5 Pure P y r i t e s  Heated Under Reducing Condit ions t o  600, 800, and 1000°C 
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Figure 6 Ash Softening Temperature V s .  Percent Basic for 
Composite and Fractionated Coal Species 
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Figure 10 Iron-Rich Sin te red  Deposits Formed on Furnace Roof and 
1st Tube of Convection Pass Probes by Coarse P y r i t e s  
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